Multiple follicular lymphoma (FL) susceptibility single-nucleotide polymorphisms in the human leukocyte antigen (HLA) class I and II regions have been identified, including rs6457327, rs3117222, rs2647012, rs10484561, rs9268853 and rs2621416. Here we validated previous expression quantitative trait loci results with real-time reverse transcription quantitative PCR and investigated protein expression in B-lymphoblastoid cell lines and primary dendritic cells using flow cytometry, cell-based enzyme-linked immunosorbent assay and western blotting. We confirmed that FL-protective rs2647012-linked variants, in high linkage disequilibrium with the extended haplotype DRB1*15:01-DQA1*01:02-DQB1*06:02, correlate with increased HLA-DQB1 expression. This association remained significant at the protein level and was reproducible across different cell types. We also found that differences in HLA-DQB1 expression were not related to changes in activation markers or class II, major histocompatibility complex, transactivator expression, suggesting the role of an alternative regulatory mechanism. However, functional analysis using RegulomeDB did not reveal any relevant regulatory candidates. Future studies should focus on the clinical relevance of increased HLA-DQB1 protein expression facilitating tumor cell removal through increased immune surveillance.
INTRODUCTION
Follicular lymphoma (FL) is a common type of B-cell lymphoma, although its causes remain unclear. 1 Multiple non-coding FL susceptibility single-nucleotide polymorphisms (SNPs) have been identified in the human leukocyte antigen (HLA) class I and II regions including rs6457327, 2 rs10484561, 3 rs2647012, 4 rs3117222,
and rs2621416 6 (Supplementary Table S1 ). We previously investigated the role of rs6457327-, rs10484561-and rs2647012-linked SNPs as expression quantitative trait loci (eQTL) using public mRNA sequencing data on B-lymphoblastoid cell lines (B-LCLs). We found that FL-protective rs2647012-linked variants significantly correlated with HLA expression changes, particularly with increased HLA-DQB1 gene expression. 7 SNPs linked to rs10484561 did not significantly alter gene expression, and correlations of rs6457327 with increased levels of HLA-B and HCG22 expression were ambiguous. 7 To gain further insights into the functionality of these FL susceptibility variants, we investigated their effects on both transcript and protein expression. Given the high linkage disequilibrium (LD) in the region, with rs10484561 and rs2647012 being part of the extended haplotypes DRB1*01:01-DQA1*01:01-DQB1*05:01 3 and DRB1*15-DQA1*01-DQB1*06:02, 8 respectively, correlations were also investigated for HLA alleles and inferred HLA amino acids. Primary lipopolysaccharide (LPS)-activated monocyte-derived dendritic cells (DCs), which are specialized antigen-presenting cells that may be more relevant for lymphoma studies, 9, 10 were also analyzed in this study.
RESULTS AND DISCUSSION
In agreement with our previous eQTL analysis, 7 the strongest associations were observed for rs2647012-linked variants and increased HLA-DQB1 transcript levels in B-LCLs (8.81 Â 10 -11 p Pp3.25 Â 10 -4 ; Supplementary Table S2) , with rs3135006 and HLA-DQB1*06 displaying the most significant association (Figure 1 ; Supplementary Table S2) . Amino acids -5L, 87F and 125G corresponding to DQB1*06:02 also correlated with increased HLA-DQB1 expression (Supplementary Table S4 ). Two top eQTLs, rs4947344 and rs3135006, as well as the HLA-DQB1*06 and DRB1*15 alleles, also modestly correlated with increased HLA-DQB1 transcript levels in LPS-activated DCs (approaching significance at Bonferroni-corrected P-values P ¼ 1.51 Â 10 -2 , P ¼ 2.60 Â 10 -2 , P ¼ 8.87 Â 10 -3 and P ¼ 9.91 Â 10 -3 , respectively; Supplementary Table S3) .
In line with the transcription data, the top rs2647012-linked eQTLs, predominantly rs3135006 (P ¼ 9.56 Â 10 À 4 ) and rs9273448 (P ¼ 7.82 Â 10 À 4 ), the HLA alleles DQB1*06 (P ¼ 9.56 Â 10 -4 ) and DRB1*15 (P ¼ Figure  S1A) , rather than monoclonal antibodies against monomeric HLA-DQB1 (Supplementary Figure S1B) , confirmed that total levels of heterodimeric HLA-DQA1/DQB1 were increased in B-LCLs carrying rs2647012-linked protective alleles. Importantly, similar protein expression patterns were observed by flow cytometry in LPSactivated DCs, for which rs4947344 (P ¼ 6.30 Â 10 -4 ), rs2647012 (P ¼ 1.45 Â 10 À 3 ), rs3135006 (approaching significance at P ¼ 8.40 Â 10 -3 ) and DQB1*06 (P ¼ 1.46 Â 10 -4 ) showed positive associations with HLA-DQB1 expression (Supplementary Table S7 ). This trend was also observed for rs3135006 by cellbased ELISA (approaching significance at P ¼ 2.09 Â 10 À 2 ; Supplementary Table S6) . Because of high LD in the region and the limited number of haplotypes in our data set, stepwise regression analysis failed to detect evidence for combinatory effects of alleles, SNPs and amino acids on HLA-DQB1 expression (data not shown).
Expression of soluble HLA-DQB1, generated upon allele-specific alternative splicing, [11] [12] [13] could potentially be influenced by FLprotective rs2647012-linked SNPs. However, no transmembrane exclusions (Supplementary Figure S2) or soluble HLA-DQB1 were found for B-LCLs, and no significant differences in soluble HLA-DQB1 expression were observed for LPS-activated DCs (data not shown).
Previous associations of rs2647012-linked variants with increased HLA-DRB1 expression level 7 were validated here by real-time reverse transcription quantitative PCR (RT-qPCR; Supplementary Tables S2  and S3 ). However, these findings were not confirmed at the protein level ( Figure 1; Supplementary Figure S1D ; Supplementary Tables  S4-S7) Figure 1 . HLA mRNA and protein expression in B-LCLs and dendritic cells. Box-and-whisker plots display HLA mRNA and protein expression associated with rs3135006 (T/C) and rs4947344 (T/C) in B-LCLs (a) and LPS-activated DCs (b). mRNA was quantified by RT-qPCR using Taqman gene expression assays. Cell-based ELISA was used to measure total protein levels, whereas surface protein expression was determined by flow cytometry. The number of variant alleles per carrier are 0, 1 and 2. P-values are deemed significant at Pp2.1 Â 10 À 3 (highlighted in bold).
Tables S4-S7). Moreover, no significant differences in HLA transcript or protein levels were observed for the recently reported FL susceptibility loci, rs3117222, Figure S1E and Supplementary Tables S2-S5 ). More sensitive assays in future studies should confirm these discordances between transcript and protein levels, which could be due to numerous factors including differences in posttranslational events and stability of both mRNA and protein. [14] [15] [16] Increases in HLA expression level are generally observed in activated antigen-presenting cells and concur with upregulation of activation and co-stimulatory markers. 17 However, no significant differences were observed between rs2647012-linked SNPs and CD40, CD80, CD86 or CD20 protein levels in B-LCLs or LPS-activated DCs (data not shown), suggesting that the observed differences in HLA-DQB1 expression are not due to activation. Class II, major histocompatibility complex, transactivator (CIITA), located on chromosome 16, is the major regulator of HLA class II transcription, 18 and defective CIITA expression was previously reported in a B-cell lymphoma cell line. 19 Although SNPs can affect gene expression in trans, 20 no significant changes in CIITA transcript or protein expression were observed (data not shown), suggesting that other regulatory mechanisms may be responsible for the changes observed in HLA class II expression.
To further investigate potential underlying regulatory mechanisms, the rs2647012-linked eQTLs were analyzed using RegulomeDB 21 (Supplementary Figure S3 , Supplementary Table S8 ). Several SNPs (rs2647003, rs2647046, rs2858310 and rs9469220) were annotated as likely functional on the basis of significant binding evidence with regulatory elements (RegulomeDB score 1). In our analysis, these SNPs correlated with significant changes in HLA transcript but not protein levels (Supplementary Tables S2,  S4-S7) . In contrast, the top eQTLs (rs3135006, rs9273448, rs2647012 and rs4947344) that did associate with significantly increased HLA-DQB1 protein levels (Supplementary Tables S4, S7) were not predicted as likely functional on the basis of RegulomeDB (score 6). It is possible that other unknown variants in the region in high LD with the investigated loci may be altering the regulation of HLA-DQB1 protein expression, or influencing protein translation and degradation. 22, 23 Similar to mechanisms proposed for HLA eQTLs, gene expression and risk of multiple sclerosis, 24 it is possible that a combination of regulatory mechanisms that increase HLA-DQB1 expression and structural characteristics of specific HLA-DR/DQ receptors is responsible for the reduced FL risk observed in large population studies. HLA haplotype-eQTL interaction studies in diverse populations will help to further clarify these associations.
In summary, here we report a significant correlation between rs2647012-linked SNPs and HLA-DQB1 protein expression in cells pertinent to lymphoma. These FL-protective SNPs are in LD with the extended DRB1*15:01-DQA1*01:02-DQB1*06:02 haplotype 8, 25 and thus, the HLA-DRB1*15 and HLA-DQB1*06 alleles and several of the inferred HLA-DQB1 amino acids were also correlated with increased HLA-DQB1 expression. Owing to the high LD among the SNPs and HLA alleles, the effects on gene expression from the individual SNPs, HLA alleles and amino acids will require further investigation. Although the actual mechanisms remain unclear, our results could be clinically relevant as increased HLA-DQB1 expression may enhance antigen presentation, immune surveillance and the elimination of FL tumor cells. Future efforts should focus on the identification of regulatory mechanisms that alter DQB1 protein expression, the determination of FL-relevant antigens and the influence of HLA FL susceptibility loci on antigen presentation.
MATERIALS AND METHODS

Variants selected for study
Thirty-three rs2647012-linked SNPs that correlated with HLA expression changes in our previous eQTL study 7 were selected for validation and follow-up, as well as rs6457327, rs10484561 and two surrogates in high LD (r 2 40.8) with the latter. Three recently reported SNPs (rs3117222, 5 rs9268853 6 and rs2621416 6 ) associated with FL were also analyzed (Supplementary Table S1) .
Amino acids at HLA-DQB1 were determined for each cell line by using alignments from the IMGT/HLA database (http://www.ebi.ac.uk/ipd/imgt/ hla/) release 3.14.0 (accessed 12 October 2013). Polymorphic amino-acid sites were limited to sites with frequency from 0.05 to 0.50 in our sample. Combinations of alleles at multiallelic sites were tested in each unique combination as described previously. 26 
Cell cultures
Peripheral blood mononuclear cells from 24 healthy Caucasians (Astarte Biologics, Redmond, WA and Cellular Technology Limited, Cleveland, OH, USA) and 40 B-LCLs of European descent (CEPH collection and SNP500 Human Variation Panel; Coriell Institute, Camden, NJ, USA) were used in this study. Genotypes of interest were either available or obtained by TaqMan genotyping. Monocytes, isolated from peripheral blood mononuclear cells using Monocyte Isolation Kit II (Miltenyi Biotec, Auburn, CA, USA) were differentiated into mature DCs as previously described. 27 Transcript and protein expression analyses mRNA transcript levels were determined by duplex RT-qPCR using TaqMan gene expression assays (Applied Biosystems, Grand Island, NY, USA). HLA-DQB1 mRNA splicing transcripts were evaluated by RT-PCR using intronspanning primers (Supplementary Materials and methods). Using HLA-specific antibodies, total HLA protein expression was measured by cell-based ELISA (R&D Systems, Minneapolis, MN, USA) and visualized by chemiluminescent western blotting. Surface protein levels were detected by flow cytometry. Secreted HLA-DQB1 was measured in cell culture supernatants using conventional ELISA (USCN Life Science, Wuhan, China).
Statistics and bioinformatics
Single outliers were eliminated on the basis of the Grubbs' outlier test. 28 Pooled normalized averages were analyzed using a Spearman's rank correlation test with t-distribution approximation. Correlations between genotype and gene expression were estimated with respect to the minor allele. P-values were deemed significant at Pp2.1 Â 10 -3 based on Bonferroni correction for six independent loci and four main genes (HLA-DQB1, HLA-DQA1, HLA-DRB1, HLA-DQA2) at a ¼ 0.05. To investigate potential overlap with known and predicted regulatory elements, the SNPs were analyzed using RegulomeDB (http://regulome.stanford.edu). 21 
